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Vitamin D 3 Cholecalciferol -Vitamin D synthesized in the skin when ultraviolet B energy is absorbed.
Introduction
Recent advances confirming a role of vitamin D in prevention of cancer have created a new field of clinical interest (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . While there is persistent interest in vitamin D for its role in reducing risk of fractures (15) (16) (17) (18) (19) (20) , its newly defined nonskeletal effects, including a contribution to reducing the risk of several forms of cancer, recently are becoming more widely known (21) (22) (23) (24) .
Mechanisms of Vitamin D Anticarcinogenesis
A wide variety of tissues not directly associated with calcium metabolism have vitamin D nuclear receptors (VDRs). These include tissues of the breast (25) their proliferation was inhibited and they matured into granulocytes (34). It was soon learned that 1,25(OH) 2 D 3 had functions in regulation of cell growth and promotion of cell maturation in experimental models of cancer (13, (35) (36) (37) (38) (39) (40) , and in treatment of the hyperproliferative skin disorder psoriasis (41) .
Epidemiological Evidence: Latitude, Vitamin D, and Cancer
In the same time period, several epidemiologic studies demonstrated higher mortality rates of cancer of the colon (42) (43) (44) , breast (43, 44) , prostate (43) (44) (45) , and ovary (43, 44, 46) in the northeastern sector of the United States, compared with considerably lower rates in the southern tier of states. Dietary differences could not account for this regional difference (42) . While other differences may play a role (47, 48) , it has been established that the northern tier of states receives less sunlight annually than the southern tier, mainly due to the longer duration and severity of winter in the north, and to far lower levels of ultraviolet B (UVB) radiation during fall through spring in the northern United States (49) (50) (51) (52) . There is a sharp threshold for biosynthesis of vitamin D in human skin (53, 54 ) that occurs at an intensity of UVB radiation that is reached in the southern states of the United States, but not the northern states, Canada, and Europe, during November through March (54) . High age-adjusted mortality rates of female breast cancer also have been reported in areas of low winter UVB in the Northeast, where acid haze, a form of air pollution that diminishes atmospheric transmission of UVB, is a factor (87) .
Similarly high rates have been reported in areas of low winter UVB in the former USSR (55) .
An association of low regional sunlight level with risk of colon and breast cancer also has been reported in migrant studies (56) (57) (58) (72) . This was an enormously important advance that helps to explain the influence of vitamin D from sunlight and other sources on risk of cancer.
The human gene for the 1alpha-OHase enzyme has been cloned and localized to chromosome 12 (73) . Mutations of this gene, known as the CYP 1 alpha gene, are the cause of vitamin Ddependent rickets, type 1 (73, 74) . The 1alpha-OHase is not regulated by parathyroid hormone in tissues other than the kidney, and the 1alpha-OHase gene promoter region is regulated differently in the kidney than other tissues (75) . This potent antiproliferative hormone, in turn, regulates cell growth by maintaining cells in the G0/G1 phase of the cell cycle, for example, in prostate cancer cell lines (76) . It also maintains normal cellular differentiation in several other tissues (77, 78) , and indirectly provides a pathway for apoptosis, or programmed cellular death (78, 79) .
Exposure to UVB radiation from sunlight (80, 81) or oral vitamin D intake (81, 82) increases the circulating level of 25(OH)D, which, in turn, provides a higher concentration of substrate available for the intracellular synthesis of 1,25(OH) 2 D in a wide range of tissues. This is an important finding that accounts for observations that high vitamin D status and residence at sunny latitudes are associated with lower mortality rates from cancer of the colon (42, 43, (83) (84) (85) , breast (5, 6, 43, 86, 87) , ovary (43, 46) , and prostate (43, 45, (88) (89) (90) .
Mechanisms of Vitamin D and Calcium in Reduction of Risk of Colon Cancer
A key mechanism of the antineoplastic effect of vitamin D on colon cancer was elucidated by Davies and associates (91) . Advances in fluorescent intracellular dye technology (92, 93) revealed that certain normally occurring pulses in the intracellular calcium concentration are needed to induce differentiation of intestinal epithelial cells, and to induce apoptosis in these cells (91 Calbindin molecules are storage depots for calcium in the cytoplasm that can rapidly release calcium to the cytoplasm if signaled to do so.
Colonocytes also contain calcium channels or similar structures, including a vitamin Ddependent channel-like intestinal and colonic transport protein (CaT1), which has been cloned (94) . It is homologous to the kidney epithelial apical calcium channel (EcaC) (95) . There is also loose binding of calcium ions to the endoplasmic reticulum (96) .
Colonocytes are organized into invaginations of the mucosa known as crypts ( Fig. 2) (91, 98, 99) . Epithelial cells arise from the base of each crypt and migrate to the mouth of the crypt, where they undergo programmed death (91) . When the colonocyte reaches the mouth of the crypt in the normal colon, the intracellular calcium pulses to a level that is lethal to the cell. The gradual increase in intracellular calcium as the colonocyte rises through and matures in the crypt is known as the intracellular calcium gradient (Fig. 3 )(100). Such a gradient also has been reported in the epidermis, where the intracellular calcium concentration is low at the dermalepidermal junction but rises in more distal layers, reaching a peak near the proximal layer of the stratum corneum, immediately preceding apoptosis of keratinocytes into dead squames in the stratum corneum (101, 102) .
When a colonocyte reaches the mouth of the crypt in the vitamin D-replete individual, calcium-mediated apoptosis occurs and the cell dies (91) . Deficiency of vitamin D results in loss of the intracellular calcium gradient in the crypt architecture (Fig. 4) 
Vitamin D Levels and Colon Cancer: Epidemiologic Studies
It has been known for some time that colon cancer death rates tend to be low in sunny areas and high in areas of with low winter sunlight levels, particularly in the industrialized Northeast ( with a similar favorable association for calcium. Findings nearly identical to these were reported in two case-control studies (133, 134) .
Adults who took a daily multivitamin supplement containing 400 IU of vitamin D (135) had approximately half the risk of colon cancer as those who did not, according to a large casecontrol study based on Surveillance, Epidemiology and End Results program cases and population controls (135) . High dietary calcium intake was associated with reduced risk of adenomatous polyps (136) , an effect similar to that of high serum 25(OH)D and 1,25(OH) 2 D (126). Several epidemiological studies have reported lower risk of colon cancer in those with high levels of physical activity (137) (138) (139) (140) , which possibly could be explained by the increase in serum 1,25(OH) 2 D concentration that results from exercise and physical activity (141, 142) .
Mechanism of Vitamin D in Breast Cancer
Terminal ductal lobular units, the units of epithelial organization of the breast, have features that are analogous to intestinal crypts, such as a monolayer or bilayer of epithelial cells that originate at or near the base of the terminal duct and move distally toward the mouth of the duct (22) , and the presence of vitamin D receptors (25, 143 Occurrence of mammary tumors was reduced by four fifths in animals receiving adequate vitamin D compared with those receiving the minimal dose necessary for normal growth (2, 22, 144) . Vitamin D also had a larger independent effect on risk of mammary carcinogenesis than high intake of fat or deficient intake of calcium (2, 22, 144) . The effect of vitamin D on mammary carcinogenesis was particularly strong early in life, suggesting that low circulating levels of 25(OH)D in adolescence may be important contributors to later breast cancer risk (144) . The roles of vitamin D, calcium, and fats may be linked (2, 22, 144) . High levels of 1,25(OH) 2 D are also associated with slower progression of metastatic breast cancer (151).
Epidemiological Studies of Vitamin D and Reduction in Risk of Breast Cancer
A recent study using prediagnostic serum from cancer cases and healthy controls reported 
Mechanisms and Clinical Effects of Vitamin D in the Prostate
Vitamin D is involved in normal differentiation of the prostate (21) In a cohort study of 19,000 men followed for 13 years, men whose 25(OH)D level was below the median had 1.7 times the incidence of prostate cancer as those above the median (89) . Among younger men (under age 57 years) those with low 25(OH)D levels had 3.5 times the incidence of prostate cancer and 6.3 times the incidence of cancer that had spread beyond the prostatic capsule (89) .
In a nested case-control study of stored serum based on 250,000 samples collected from members of the Kaiser Foundation Health Plan, white and black men who had lower than 
Prevalence of Vitamin D Deficiency
Vitamin D deficiency is common in the winter in the United States (181) and Europe (64).
The vitamin is available from only a few sources (Fig. 6) . Urban lifestyle has reduced average exposure of adults to midday sunlight to a low level except during summer months (64, 182, 183) . Vitamin D that is photosynthesized in summer does not persist through the winter (66,
182-186). Vitamin D is metabolized within 3-5 days to 25(OH)D, the storage form (182), and the half-life of 25(OH)D is between 12 days (184) and 27 days (185).
A study of patients admitted to general hospitals found that 57% were seriously vitamin Ddeficient (serum concentration of 25(OH)D <15 ng/ml), of whom 22% were considered severely vitamin D-deficient (serum concentration of 25(OH)D <8 ng/ml) (187); similar deficiency states were reported in New England women (188, 189) and in black women (82, (190) (191) (192) (193) . Vitamin D deficiency is extremely prevalent in obese women, whose 25(OH)D level tends to be markedly below normal (191, 194) and whose serum 25(OH)D increases only slightly after UVB irradiation or oral intake of vitamin D (194) . Serum 25(OH)D levels are, of course, also markedly low in women with hip fractures (195) . Serum 25(OH)D is not well restored seasonally in black women (196) ; in one recent study, 42% of black women ages 15-49 years were found to have seriously deficient 25(OH)D levels (below 15 ng/ml) (193) . Serum 25(OH)D levels in the range of 20-32 ng/ml are minimally required for parathyroid hormone levels to plateau at normal values (64, 197) .
The vitamin D deficiency state is defined by measurement of the serum 25(OH)D level (181, 195, 198) . No major health risks are currently known to be associated with dosages of vitamin D in the normal range of intake (up to 2,000 IU per day) (204, 206, 207, 211, 212) . Serum 25(OH)D in the normal range is not associated with any adverse risk of cardiovascular disease (213, 214) .
On the contrary, above-average serum levels of 25(OH)D and vitamin D intake are associated with reduced blood pressure (215) (216) (217) and heart rate (217), which are both favorably associated with risk of heart disease (215-217). Above-average 25(OH)D levels are also associated with lower risk of myocardial infarction (192, 213, 214) . Daily intake of 600-800 IU of vitamin D 3 will maintain serum 25(OH)D in the range for its anticarcinogenic effect, without known risk of toxicity (64) .
Genetic Factors
Most actions of vitamin D metabolites are mediated by the VDR. Mice genetically lacking the classical nuclear VDR have poor skeletal mineralization and a markedly higher rate of colonic proliferation than wild-type mice (218) . Gene loci related to the receptor in humans have several common polymorphisms (219) . Those most closely associated with cancer risk are discussed here. The Bsm I locus is most related to risk of cancer (220) (221) (222) . It has three polymorphisms: BB, Bb, and bb. The BB genotype is associated with higher circulating
1,25(OH) 2 D levels (220).
A cohort study of physicians found that doctors with the BB genotype had half the risk of colon cancer (OR, 0.5, 95% CI, 0.3-0.9) (220) as those with the bb genotype. The polyA (short), and TaqI (tt) variants of the VDR gene also have been found to be associated with reduced risk of colon cancer, while the Fok I VDR variant is not associated with risk (221) .
A study of women found that those with the BB genotype had less than half the risk of breast cancer (222) as those with the bb genotype. As with colon cancer, the Fok I genotype was not associated with risk of breast cancer (222, 223) . Polymorphisms of the VDR ApaI VDR locus also are associated with risk of breast cancer; women with the AA genotype have three times the risk of breast cancer as those with the Aa genotype (224) . Allele frequencies of the Fok I polymorphism were not significantly different in breast cancer cases than controls (223) .
Physicians with the BB genotype had lower risk of prostate cancer than those with the bb genotype (220). The effect was strongest in physicians whose serum 25(OH)D level was below the median (OR, 0.43) and in older physicians (OR, 0.18). The gene frequency of the BB polymorphism is estimated to be 8-10% (224, 225) . In another study, having the Bb or bb Bsm I polymorphism was associated with having three times the risk of prostate cancer (226) . A raceadjusted analysis in an earlier study found that men who were homozygous for the t allele of the Taq I VDR gene (codon 352) (for which homozygosity was previously known to associated with higher than average serum levels of 1,25(OH) 2 D (227)) had one third the risk of developing prostate cancer requiring prostatectomy than men who were heterozygous or homozygous for the T allele (228) . A European study found that men with no T alleles had half the risk of prostate cancer compared with those with one or more T alleles (229) . Since the T polymorphism is common, approximately 50% of cases of prostate cancer in men older than 66
years in one population studied in Europe could be attributed to the effect of this polymorphism (229) . In another study, the genotype TT at the Taq I locus was significantly associated (OR, 
Recommendations for Vitamin D Intake
Vitamin D deficiency is highly prevalent in North America (181, 186, 193) . This and apoptosis, and is based on research by Davies and colleagues (92) . It is built on the existence of an intracellular Ca 2+ gradient from the base to the top of the colonic crypts that was first described by Lipkin and colleagues (3, 99 adults to midday sunlight to a low level except during summer months. Vitamin D that is photosynthesized in the summer does not persist through the winter (66, 182, (184) (185) (186) 
